Strains 6, 15, 98, 110, and 145 of Cryptococcus neoformans serotype A vary in capsule size, animal virulence, and susceptibility to in vitro phagocytosis. The isolated capsular polysaccharides (CPSs) differ in monosaccharide composition ratios and molecular size, as determined by gel filtration. The purpose of this investigation was to characterize the binding of CPSs to capsule-free mutants of C. neoformans and to examine CPSs from these strains for differences in their ability to bind, to determine whether such differences might explain the variation in the pathobiology of these strains. CPSs were partially periodate oxidized, tyraminated, iodinated with 1251, and used in binding studies with two capsule-free mutants of C. neoformans, strain 602 and Cap59. Binding was specific for yeast species and for polysaccharide and was saturable, which is consistent with a receptor-mediated mechanism of attachment. Binding occurred rapidly and was only slowly reversible. Binding was also independent of pH from pH 5.5 to 8, of cation concentrations, and of competition by sugars up to 1.0 M concentrations. Only a portion of CPS was capable of binding, and strains varied in the extent to which their CPS bound. CPS-15-IV (peak IV was the major polysaccharide peak on DEAE-cellulose chromatography of CPS from strain 15) had the highest proportion of binding (40%), followed by CPS from strains 98, 6, 145, 110, and 15-III (peak III was an earlier eluting fraction of CPS from strain 15 
The capsule of Cryptococcus neoformans affects the pathogenesis of cryptococcosis. Capsule-free mutants produce a more inflammatory and localized disease in humans and experimental animals than encapsulated strains, which produce a more severe and chronic disease (7, 8, 11) . The lesions often lack a tissue reaction (1) , implying that the capsule acts as a virulence factor by suppressing the host immune response.
Many investigations have addressed this property of the cryptococcal capsule. Encapsulated strains resist phagocytosis in vitro better than capsule-free or hypocapsular strains. For example, uptake by macrophages is inversely proportional to capsule size (25) . C. neoformans 602, a capsule-free mutant, can bind exogenously supplied cryptococcal capsular polysaccharide (CPS) and resist phagocytosis by mouse macrophages (15, 18) . Binding was evaluated by immunofluorescence, and a receptor was postulated. More recently, a radiolabel binding assay for cryptococcal polysaccharide was described (17) . Binding of 251I-labeled CPS (1251-CPS) was specific, and CPS from strains of each serotype competed for binding. De-O-acetylated, carboxylreduced, periodate-oxidized and -reduced (polyalcohol), and Smith-degraded CPS all competed for binding (17) . Other properties of CPS include the induction of tolerance and suppression of lymphocyte responsiveness (3, 21, 26) .
To begin to understand mechanisms of capsule activity, CPS was examined from strains of C. neoformans serotype A denoted 6L, 15S, 98M, 110M, and 145M. S, M, and L indicate small, medium, and large in vitro capsule sizes, respectively. These strains vary in capsule size, animal virulence, and resistance to phagocytosis and also display strain-related differences in molecular size and subunit composition of their CPSs (25, 29 ; J. M. Small and T. G. Mitchell, manuscript in preparation). The purpose of this investigation was to devise a quantitative assay to evaluate the binding of the radiolabeled CPS of each of these five strains to mutant strain 602 and to Cap59, another capsulefree strain (13) , and to use this system to characterize the nature of the binding and to document strain variation in CPSs within serotype A.
MATERIALS AND METHODS
Organisms and media. C. neoformans 6, 15, 98, 110, and 145 have been characterized as to capsule size, resistance to phagocytosis, and relative molecular sizes and compositions of their CPSs (25, 29) . Thomas R. Kozel and Eric S. Jacobson generously donated the capsulefree mutant strains 602 (16) and Cap59 (13) , respectively. Other yeasts used were Candida albicans 4918 (23) and a laboratory strain of Saccharomyces cerevisiae. All yeasts were maintained on slants of yeast morphology agar supplemented with 1% additional agar (YMA; Difco Laboratories, Detroit, Mich.). Strain 602 was cultured on solid media because it formed clumps of 5 to 20 yeast cells in all of the broth media tested, including phosphate-buffered glutamine-glycine-asparagine (GGA-B) broth (29) water bath, followed by washing as described above. Lack of viability of both preparations was established by negative culture. CPS preparation. CPSs of C. neoformans 6, 15, 98, 110, and 145, all serotype A, were prepared by ethanol precipitation from broth culture filtrates followed by DEAEcellulose chromatography, as described previously (29) . CPSs from the various strains used are designated CPS-6, CPS-98, CPS-110, and CPS-145; CPS-15-III and CPS-15-IV are major peaks III and IV from DEAE-cellulose chromatography of CPS-15 (29) . Other polysaccharides used for controls were dextran T-2000 and dextran sulfate (Pharmacia Fine Chemicals, Piscataway, N.J.) and yeast mannan (Sigma Chemical Co., St. Louis, Mo.).
Tyramination of CPS. CPS was covalently linked to tyramine by a method based on that of Keck (14) . Solutions of CPS were dialyzed against PBS and brought to a concentration of 2 mg/ml by the phenol-sulfuric acid assay (6) with a glucose standard. Thirty microliters of 0.01 M sodium metaperiodate (Fisher Scientific Co., Springfield, N.J.) was added to 1 ml of CPS in PBS with stirring, and the solution was kept in the dark for 24 h at 4°C. Then, 0.5 ml of 0.1 M tyramine hydrochloride (Sigma) and 0.5 ml of a 0.5 M borate buffer (pH 9.5) were added, and 10 min later 50,ul of 2 M sodium borohydride (Sigma) was added. After the solution was kept at 4°C overnight, it was passed over a 10-ml desalting column of Sephadex G-25 Fine (Pharmacia), and 1-ml fractions were assayed by determining the A280 for bound tyramine and by the phenol-sulfuric acid assay (6) for carbohydrate.
Radioiodination of CPS. Tyraminated CPS (TCPS) was
iodinated by the chloramine T method of Greenwood et al. (10) . All reactions were carried out under a fume hood. In a 1.5-ml polypropylene microfuge tube were mixed 50 pLI of 0.5 M sodium phosphate (PB; pH 7.4), 150,ug of TCPS in PBS, and 0.5 to 1 mCi of carrier-free Na125I ( 
RESULTS
Tyramination of CPS. Preliminary experiments showed that mixing CPS-6, periodate, and tyramine at pH 9 for a short time, as recommended by Keck (14) , resulted in poor labeling and partially degraded CPS. To improve the labeling procedure, CPS was first oxidized with periodate at pH 7.4, and then tyramine was added with enough borate buffer to bring the pH to 9 to stabilize the Schiff base. The final addition of sodium borohydride converted the Schiff base to a stable amine. The periodate oxidation step required 24 h to adequately derivatize CPS, dextran, dextran sulfate, and yeast mannan. Azide interfered with tyramine coupling and, when present, had to be removed by dialysis. Coupled tyramine, as measured by determining the A280, was directly proportional to the quantity of periodate added (data not shown). In a typical experiment the absorbance at 280 nm of TCPS was 0.050, which on a standard curve corresponded to (29) were fractionated on a column (1.7 by 45 cm) of Sepharose CL-2B and eluted with 0.01 M PBS, and the fractions were assayed for carbohydrate by the phenol-sulfuric acid method (6) rated label more efficiently than CPS-15-IV (Fig. 1) . CPS-15-IV eluted with a small shoulder corresponding to that of CPS-15-III (Fig. 1C) , while radiolabeled CPS-15-IV showed a larger peak corresponding to that of CPS-15-III (Fig. 1A) . 100-fold excess of unlabeled CPS. The yeast cells were then washed, and the radioactivity was measured (Fig. 2) . Binding was complete between 30 and 60 min. Similar experiments were performed at 0, 37, and 25°C. Incubation at 0°C reduced the rate but not the maximum level of binding ( At the indicated times bound radioactivity was determined. C H represents yeasts preincubated in solution C (no radiolabel), while H -+ C represents yeasts preincubated with solution H. Individual determinations are depicted.
mined that <2% of CPS 15-III, 40% of CPS-15-IV, 23% of CPS-98, 8% of CPS-110, and 14% of CPS-145 were able to bind to strain 602. When fractions from gel chromatography of 1251-CPS from strain 15 (Fig. 1) (31) . To test these conditions, 1 ,ug of 125I-CPS-15-IV per ml was bound to strain 602 for 1.5 h, the yeast cells 5 ). Saturation. To determine the saturability of binding of CPS to strain 602, various quantities of unlabeled CPS were added to the yeast cells and the tubes were incubated for 1.5 h, and then 1251-CPS-15-IV was added and incubation was continued for 1.0 h, after which time the bound radioactivity was determined. The binding was saturable, as increasing concentrations of CPS progressively inhibited the binding of 12511CPS (Fig. 6) . Each CPS was able to compete with any of the other CPSs for binding (Table 4) .
CPSs from different strains varied considerably in their ability to inhibit binding. The CPSs with the highest inhibition potencies in Fig. 6 (Fig. 7) . Equal concentrations of trypsin, pepsin, papain, or proteinase K had no effect on binding. Activities of all enzymes were confirmed by casein hydrolysis. Treatment of proteinase XIV with PMSF did not change the binding inhibition activity, but heating the enzyme preparation to 65°C for 5 min destroyed the inhibition of binding, while most of the proteolytic activity for casein remained ( . After incubation, enzymes were inactivated by boiling, the solutions were diluted to 1 ,ug of 1251-CPS per ml, and 1 ml was added to tubes containing 10' yeast cells of strain 602 for a 2-h incubation. Bound radioactivity was then measured. Points represent means of duplicate determinations. Bound radioactivity is represented as percentage of counts per minute added that bound (approximately 100,000 cpm). ml and then diluted and used in a saturation assay similar to that depicted in Fig. 6 . Digested CPS competed less efficiently than the saline-treated control (Fig. 8) .
DISCUSSION
The major goal of this investigation was to evaluate the binding of CPS to capsule-free mutants of C. neoformans. An essential first step was to prepare radiolabeled CPS, and several techniques were considered (14, 20, 22, 28) . A method inspired by Keck (14) was developed for radioiodinating CPS that required a moderate pH of 9.5, resulted in high specific activities, caused minimal modification of CPS, allowed the convenience of gamma counting for assay, and did not require the addition of another macromolecule.
CPS required 24 h for adequate derivatization. As CPS consists of an a(1-*3) mannan and side chains of glucuronic acid and xylose (2, 5, 24, 29) , no cis-vicinal diols are present. Periodate oxidation requires vicinal diols, and cis-diols are oxidized more rapidly than trans-diols (27) , probably explaining the slowness of the reaction. CPS-15-III contains galactose with a cis-diol pair which may explain its greater efficiency of labeling as compared with peak IV (Fig. 1). 125I-CPS bound to two capsule-free strains, 602 (15, 16) and Cap59 (13) . Results of initial experiments showed that binding of CPS to nonencapsulated C. neoformans was receptor mediated, as has been postulated previously (15) . The criteria for receptor-mediated binding were specificity, saturability, and affinity. CPS binding was specific, as radiolabeled dextran, mannan, or dextran sulfate did not bind to strain 602 (Table 2) . These data are consistent with previous observations that noncryptococcal polysaccharides do not inhibit the phagocytosis of capsule-free C. neoformans (4) . Furthermore, CPS did not bind to yeast cells of other species (Table 1) , which is in agreement with reports that CPS has no effect on phagocytosis of other microorganisms (4, 15) . The prebinding of unlabeled polysaccharide revealed that yeasts did become saturated (Fig. 6) . The inhibition of binding with unlabeled CPS also implied saturability (Table 4) . Strain 602 had a high affinity for CPS, as most of the available CPS was bound even at concentrations below 1 pug/ml. Since binding was specific, saturable, and of high affinity, it can be concluded to be mediated by a receptor. This conclusion is, of course, a functional definition and implies nothing about the biochemical interactions involved.
These results are similar to those of Kozel and Hermerath (17) , who used different CPS preparations, radiolabeling methods, and binding assays. Both radiolabeling techniques are gentle and easy to perform, especially when compared with the cyanogen bromide reaction (20) . The periodate reaction used here cannot be applied to polysaccharides that lack vicinal hydroxyl groups, and the pH approaches 10 during the reduction step. The benzoquinone reaction (17) only requires a single hydroxyl group but, therefore, may not be as specific for carbohydrates. The benzoquinone reaction also adds a bulkier side group of two instead of one aromatic rings. However, the low degree of substitution necessary to achieve high specific radioactivity makes this a minor concern.
The assays used here and by Kozel and Hermerath (17) for evaluation of binding differed mainly in the methods of washing tubes and handling washed counts. Kozel and Hermerath (17) used an exacting method involving extrapolation of bound counts back to zero washes; this technique is undoubtedly superior for rigorous quantitative studies such as the determination of affinities. For the semiquantitative and qualitative questions addressed by this study a more rapid assay was quite satisfactory. Replicate counts yielded coefficients of variation of less than 5%. Furthermore, results of time course and reversibility studies were in excellent agreement. Neither method is appropriate for the measurement of rapidly equilibrating binding. If such binding does occur, a better approach might be a filtration assay. The radiolabel binding assay allowed quantitative evaluation of several other aspects of CPS binding. Binding was strong and independent of various assay conditions, including pH, salt or cation concentration, and temperature. Maximum binding occurred within 2 h (Fig. 2) .
Classical saturability studies and Scatchard-type analysis could not be applied because the binding curves (data not shown) did not level off at high concentrations, probably because of an inability to measure nonspecific binding and because binding was not freely reversible ( Fig. 4 and 5) . Scatchard plots (data not shown) were concave upward and did not intersect the x-axis.
Methods to evaluate nonspecific binding in a system include withholding some factor, such as a cation, which is essential for binding (12) , or adding a large excess (100-or 1,000-fold) of unlabeled ligand and assuming that any resultant binding of label is nonspecific. However, CPS binding seemed to occur equally in all media, and at concentrations higher than 0.5 to 1 mg/ml CPS solutions were too viscous to perform the binding assay. Nevertheless, binding of 1 ,ug/ml was decreased by more than 90% in the presence of 100-fold excess unlabeled CPS, which indicated that the majority of binding was specific. More accurate determination of nonspecific binding, especially at higher concentrations of 125i-CPS, was not possible.
The inability to evaluate nonspecific binding may explain the problems with the early saturability studies, but a more serious obstacle to Scatchard analysis arose-binding was not freely reversible. To demonstrate true equilibrium, which is required to validate Scatchard plots, it is necessary to demonstrate that following the addition of excess bound or free ligand, comparable final concentrations of free and bound ligand occur at comparable final total ligand concentrations. Steady-state binding, in which the level of binding does not change with time, is not necessarily equilibrium (31) . Binding of CPS to strain 602 reached steady state after 2 h in the routine binding assay, but in two different experiments designed to test the criteria described above equilibrium was not achieved, even after up to 8 days of incubation ( Fig. 4 and 5) . Therefore, Scatchard analysis was inappropriate for binding of CPS.
Several experiments were designed to investigate the chemical component of CPS that is recognized by its receptor. Binding was unaffected by 1.0 M xylose, glucuronic acid, and a-methyl mannoside and was only slightly reduced by 1 M mannose (Table 3) . A simple lectinlike receptor recognizing a monosaccharide is thus unlikely, but specificity for a disaccharide or other moiety cannot be excluded. Treatment of yeast cells with trypsin, proteinase XIV, or formaldehyde or heating to 70°C did not alter CPS bindingif the receptor is a protein it is remarkably stable, protected, or both. However, despite the very low protein content determined by amino.acid analysis (17, 29) treatment of radiolabeled and unlabeled CPSs with protease XIV, a preparation similar to pronase, decreased binding significantly (Fig. 7 and Table 6 ). Other proteases did not have this effect. Digested and undigested 125I-CPS had the same elution profiles from Sepharose CL-2B, and unlabeled CPS lost its ability to compete for binding after digestion, eliminating the possibility that Proteinase XIV acted only on labeled material or released label from 125I-CPS (Fig. 8) .
Only a fraction of 125I-CPS would bind to yeasts. This indicates that some heterogeneity exists in CPS preparations after ion-exchange purification. The binding of solubilized CPS to capsulefree strains may explain the failure to select nonencapsulated mutants on the basis of surface charge by a two-phase separation procedure (13) . The two-phase system might be used to select for receptor mutants instead (13, 19) .
The periodate-tyramine reaction may have other uses in addition to binding studies. Addition of a UV chromophore like tyramine to a polysaccharide would permit the testing of more dilute solutions to evaluate the dependence of sedimentation behavior on concentration (30 (Table 3) , and the enzyme inhibition curve (Fig. 7) did not show an early plateau. Furthermore, the Sepharose elution profile should change if a contaminating glycosidase in proteinase XIV were removing all of the monosaccharide side chain residues from a CPS molecule. Receptors may recognize a large oligosaccharide unit in the CPS molecule, which is present in only a few copies, or a monosaccharide present in quantities too small to detect. Finally, a lipid moiety such as that described for capsular polysaccharides of gram-negative bacteria must be considered (9) . Confirmation or rejection of these possibilities must await finer chemical resolution.
